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Abstract

The invasive parasitic mite, Varroa destructor (Anderson and Trueman), is the major biotic threat to the sur-
vival of European honey bees, Apis mellifera L. To improve colony survival against V. destructor, the selection 
of resistant lineages against this parasite is considered a sustainable solution. Among selected traits, mite 
fertility and fecundity, often referred to as suppressed mite reproduction are increasingly used in breeding pro-
grammes. However, the current literature leaves some gaps in the assessment of the effectiveness of selecting 
these traits toward achieving resistance. In the population studied here, we show a low repeatability and re-
producibility of mite fertility and fecundity phenotypes, as well as a low correlation of these traits with infest-
ation rates of colonies. Phenotyping reliability could neither be improved by increasing the number of worker 
brood cells screened, nor by screening drone brood, which is highly attractive for the parasite and available 
early in the season, theoretically allowing a reduction of generation time and thus an acceleration of genetic 
progress in selected lineages. Our results provide an evaluation of the potential and limitations of selecting on 
decreased mite reproduction traits to obtain V. destructor-resistant honeybee colonies. To allow for a more pre-
cise implementation of such selection and output reporting, we propose a refined nomenclature by introducing 
the terms of decreased mite reproduction and reduced mite reproduction, depending on the extent of mite 
reproduction targeted. We also highlight the importance of ensuring accurate phenotyping ahead of initiating 
long-lasting selection programmes.
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Varroa destructor represents the main biotic threat to the survival of 
European Apis mellifera colonies in their natural distribution range 
and in the region to which this managed pollinator was introduced 
(Guzman-Novoa et al. 2010, Le Conte et al. 2010, Neumann and 
Carreck 2010). The natural host of this mite is the Eastern honey 
bee, Apis cerana (Koeniger et al. 1981, Rath 1999). The introduction 
of A. mellifera colonies in the distribution range of A. cerana led to 
the host jumping to A. mellifera. The subsequent honey bee trade 
allowed for the spread of V. destructor to Europe and the Americas 
(Crane 1978, de Jong et al. 1982, Oldroyd 1999, Owen 2017), where 
V. destructor infestations led to the collapse of large numbers of sus-
ceptible European A. mellifera colonies (hereafter simply designated 
as A. mellifera). This collapse is mainly due to the ability of the inva-
sive mite lineage to infest worker brood, which is present throughout 
the active season and which leads to the build-up of large popula-
tions of parasites to levels damaging to host colonies. In contrast, in 
the original host, reproduction is limited to the drone brood, which 
is available only for a short period of several weeks, reducing their 
ability to reproduce (Boecking et al. 1993, Boot et al. 1997). To re-
duce Varroa mite infestations in susceptible colonies, beekeepers 
rely on treatments with acaricides, including organic or synthetic 
compounds (Rosenkranz et al. 2010). The application of such com-
pounds in honey bee colonies can cause negative side effects on 
workers, drones, and queens (Rinderer et al. 1999, Haarmann et al. 
2002, Pettis et al. 2004, Gashout et al. 2018, Tihelka 2018), con-
taminate hive products (Bogdanov et al. 1998, Wallner 1999, Kast 
et al. 2019) and lead to the development of resistance in the para-
site (Milani 1999, Elzen et al. 2000, González-Cabrera et al. 2018, 

Almecija et  al. 2020). Thus, the development of more sustainable 
control strategies is desirable. Selecting honey bee lineages resistant 
to infestation by V. destructor is deemed the most sustainable solu-
tion to the ‘Varroa problem’ (Dietemann et al. 2012). Programmes 
aiming at breeding V. destructor-resistant honey bee lineages focus 
on the selection of colonies based on traits observed in naturally 
surviving honey bee populations. These traits are thought to nega-
tively impact the reproduction and hence the population growth of 
V. destructor (Locke et al. 2012, Locke 2016, Mondet et al. 2020a). 
A common trait used for selection is suppressed mite reproduction 
(SMR; Büchler et  al. 2010, Rinderer et  al. 2010, Guichard et  al. 
2020a). SMR is phenotyped using two methods: the assessment of 
mite fecundity by counting the number of viable daughters produced 
(e.g., Martin 1994, 1995, 1997), or of mite infertility, as the lack of 
mite reproductive success expressed as the percentage of mites pro-
ducing no viable daughters (Büchler et al. 2020, Eynard et al. 2020, 
Mondet et al. 2020b). The reduction in mite reproduction by SMR 
is thought to result from the properties of immature (i.e., brood) 
or adult hosts (Harbo and Harris 2005, Frey et  al. 2013, Conlon 
et al. 2019). Recently, the denomination SMR was suggested to be 
specifically reserved to describe brood traits and replaced by mite 
non-reproduction (MNR) to better distinguish its proximal causes 
(Mondet et  al. 2020a). However, because of the two phenotyping 
methods implemented, the old (SMR) and newly proposed (MNR) 
terms do not cover the possibility of selecting decreased reproduc-
tion, as opposed to the complete lack of reproduction suggested by 
the terms ‘suppressed’ or ‘non-reproduction’. Since the terminology 
is still not optimal, we here propose a more descriptive series of 
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rank-sum tests: Drone vs Worker1: P = 1.3e-15, Drone vs Worker2: 
P = 2.3e-10, Worker1 vs Worker2: P = 0.31, padjust: Bonferroni; Fig. 
2). The pattern for mite fecundity was the same, significantly differing 
between groups (Kruskal–Wallis rank-sum test, P < 2.2e-16) with on 
average 1.1 viable offspring produced per foundress mite in both 
worker brood samples, and significantly more, 2.3 on average, on 
male brood (pairwise Wilcoxon rank-sum tests: Drone vs Worker1: 
P  <  2e-16, Drone vs Worker2: P  <  2e-16, Worker1 vs Worker2: 
P = 0.31, padjust: Bonferroni; Fig. 2).

Neither DMR values obtained from Worker1 nor from Worker2 
samples correlated significantly with those acquired from drone 
brood (Table 2). This was the case for both the mite infertility and 
fecundity DMR values. Including only measurements for which 35 
singly infested cells were found increased the rank correlation co-
efficients, but these remained not significantly different from zero.

Association Between DMR Values and V. destructor 
Infestation Levels
Varroa destructor infestation rates obtained from brood samples, 
adult samples, and cumulated natural mite fall correlated moder-
ately with each other, with rank correlation coefficients (τ) signifi-
cantly different from zero, ranging from 0.30 to 0.43 (Table 3). The 
distributions of the two latter infestation phenotypes are given in 
Supp Fig. 1 (online only).

Average infestation rates significantly varied between groups 
(Kruskal–Wallis rank-sum test, P < 2.2e-16) and were significantly 
higher in drone brood, at 35%, compared to worker brood: 5.1% 
for Worker1 and 5.6% for Worker2 (pairwise Wilcoxon rank-sum 
tests: Drone vs Worker1: P < 2e-16, Drone vs Worker 2: P < 2e-16, 
Worker1 vs Worker2: P = 0.93, padjust: Bonferroni; Fig. 3). Rank cor-
relations between the DMR values, either obtained on all data or on 
samples with 35 singly infested cells, and the three infestation rate 
measures were low for both worker and drone brood, with τ ran-
ging from −0.27 to 0.16 for infertility-based DMR and from −0.18 
to 0.21 for fecundity-based DMR and rarely significantly differing 
from zero (Table 4). Considering the rank correlations including all 
data available, the highest negative rank correlations were obtained 
between infertility-based DMR for drone brood and the infest-
ation level of drone brood (τ = −0.27), the brood infestation level of 
Worker2 (τ = −0.23) and the adult infestation (τ = −0.20; Table 4). 
The fecundity-based DMR including all data had its highest positive 
rank correlation with the infestation level of drone brood (τ = 0.17; 
Table 4). When including only samples with 35 singly infested cells, 

the highest rank correlations were obtained between infertility and 
fecundity-based DMR measured in drone brood and infestation level 
of drone brood (τ = −0.26 and τ = 0.21, respectively; Table 4).

When summing Worker1 and Worker2 observations to a single 
observation (Worker1 + Worker2), no significant rank correlations 
with the infestation parameters were obtained (Table 5). This was 
the case when all data were included and when only samples with 35 
singly infested cells were kept.

Discussion

The aim of this study was to assess the limitations and potential 
of DMR in selecting V.  destructor-resistant honey bee lineages in 
a population representative of the native A.  m.  mellifera bred by 
beekeepers in Switzerland. Our results showed that the infertility 
and fecundity-based methods to measure DMR provided equivalent 
values, but that neither method was repeatable, even in the same 
colony when measured within a week by a single trained evaluator, 
i.e., under conditions as standardized as possible in a realistic field 
setting. The outputs of the two types of DMR measures did not 
correlate when acquired from worker or drone brood and correl-
ated poorly with the three mite infestation rate parameters tested. 
Increasing the number of cells screened for DMR phenotyping did 
not improve this correlation, and considering more colonies by 
including those with fewer than the recommended 35 singly infested 
cells only marginally worsened the results.

When two sets of 35 singly infested cells could be obtained from 
the experimental colonies, the DMR measures based on mite infer-
tility and fecundity correlated highly with each other for each colony, 
suggesting that both can be used to capture the same phenomenon. 
However, given that counting the number of potentially mated 
daughters likely to reach maturity is not more time-consuming than 
determining the presence of at least one such individual, we rec-
ommend implementing the former, more informative method. This 
measure, indeed, also allows the selection of colonies in which mites 
have a low fecundity toward the aim of decreasing colony infest-
ation. The downside of this method is an increased analysis time 
(corrections for offspring mortality, extrapolation of mature daugh-
ters), but automated data analysis methods can be implemented to 
minimize this added cost. We provide such a tool in Supp Material 
(online only).

Comparing our biological replicates (Worker1 and Worker2) 
showed that neither the infertility nor the fecundity-based DMR 

Fig. 2. Average infertility and fecundity-based DMR values for the three brood samples (Worker1, Worker2, and Drone). Box plots represent minimum value, first 
quartile, median, third quartile, and maximum values. Dots indicate points located more than 1.5 times above or below the interquartile range. Different letters 
indicate significant (P < 0.001) differences between groups following a pairwise Wilcoxon test.
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measures proved repeatable when measured in a context of low en-
vironmental variation that was as standardized as possible, i.e., in 
the same colony within the same week and by a single trained evalu-
ator. Restricting the sample to the recommended 35 singly infested 
cells marginally improved the rank correlation coefficients, but these 
were not significantly different from zero. Given that not all traits 
followed a normal distribution, we calculated Kendall’s tau instead 
of Pearson’s correlation coefficients, as commonly applied in the lit-
erature (e.g., Büchler et al. 2020, Hoppe et al. 2020). However, both 
methods provided similar results (Tables 2–5 and Supp Tables 1–4 
[online only]). Our repeatability estimate was based on a correlation 
between two spatially distinct measures across the colonies tested. 
As such, the correlation was sensitive to the range of values obtained 
in these colonies. This range covered approximately 50% of the 

possible spectrum (0–100%) for the infertility-based measure and 
about 50% of the spectrum for the fecundity-based measure (Fig. 2), 
which spans between zero and three viable mated females per found-
ress for worker brood and between zero and five for drone brood 
(Martin 1997). In populations showing a wider range of values for 
the infertility-based measure, variation in sampling errors is likely 
lower than the variation in phenotype compared to populations 
with a low phenotypic range. Unbiased phenotyping may therefore 
be easier to obtain in populations with a high phenotypic range. In 
order to estimate how sampling errors affect phenotyping, a better 
knowledge of evaluator’s consistency, as is performed for honey bee 
colony strength estimation (Dainat et  al. 2020, Hernandez et  al. 
2020), is required. However, this is challenging, given that a single 
brood cell can only be opened once, which could be circumvented by 
the development of corresponding digital tools.

Even though our divergent selection for mite infestation and 
hygienic behavior aimed to favor phenotypic divergence for DMR, 
phenotyping a high number of colonies with various genetic back-
grounds may increase the chances of identifying colonies with a 
higher level of DMR. This was done during a study covering various 
European countries and including 414 colonies, which revealed a 
large variation in DMR across the continent: the mean infertility 
score was 33%, while 16% of the tested colonies showed values 
over 50% (Mondet et  al. 2020b). In another study, colonies pre-
selected for DMR showed significantly higher infertility values 
(Mondet et  al. 2020b), suggesting a benefit in selecting this trait. 
Our results, however, indicate that it cannot be taken for granted 
that DMR phenotyping, as currently applied, accurately captures a 

Table 2. Correlations for infertility and fecundity compared be-
tween worker samples (Worker1 and Worker2) and Drone sample, 
with either all data included or only samples with 35 singly  
infested cells

    Drone 

Infertility All data included Worker1 τ 0.03
N 79
P 0.66

Worker2 τ 0.03
N 77
P 0.68

35 singly infested 
cells/sample

Worker1 τ 0.06
N 50
P 0.57

Worker2 τ 0.17
N 44
P 0.12

Fecundity All data included Worker1 τ 0.02
N 79
P 0.80

Worker2 τ −0.01
N 77
P 0.94

35 singly infested 
cells/sample

Worker1 τ 0.07
N 50
P 0.47

Worker2 τ 0.13
N 44
P 0.22

Kendall’s tau b coefficients (τ) are given, as well as P-values (P) and sample 
size (N) associated with each correlation.

Table 3. Correlation between Varroa destructor infestation estimation methods. Kendall’s tau b coefficients (τ) are given as well as associ-
ated P-values (P)

  Adult infestation Cumulative mite fall Worker1 brood infestation Worker2 brood infestation 

Cumulative mite fall τ  
P

0.33  
1.1e-05

   

Worker1 brood infestation τ  
P

0.43  
1.8e-08

0.43  
2.2e-08

  

Worker2 brood infestation τ  
P

0.31  
7.0e-05

0.36  
2.7e-06

0.39  
3.7e-07

 

Drone brood infestation τ  
P

0.36  
3.2e-06

0.30  
1.1e-04

0.42  
3.1e-08

0.43  
2.1e-08

Data from all colonies (N = 83) were used, including those with less than 35 singly infested cells for DMR evaluation. All correlation values significantly differed 
from zero (P < 0.05).

Fig. 3. Brood infestation rates based on dissection data for the three brood 
samples. Letters indicate significant (P < 0.05) differences between groups 
following pairwise Wilcoxon tests.
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colony’s aptitude to influence mite reproduction. A  truly and gen-
erally nonrepeatable phenotype would jeopardize the success of 
selection programmes and may require a change in the evaluation 
method. This would be facilitated by a better understanding of 
the proximal resistance mechanisms of A. mellifera against V. de-
structor, especially regarding the timing of resistance trait expres-
sion (Guichard et al. 2020a). The reliability of phenotyping should 
thus be addressed before launching large-scale DMR-based selection 
programmes.

Comparing DMR phenotypes acquired on worker and drone 
brood showed higher values for both fecundity and infertility-
based measures on the latter (Fig. 3). This is expected, given that 
V. destructor fecundity is higher in drone than in worker brood in 
A. mellifera (Martin 1997). However, the values acquired from the 
two types of brood did not correlate, showing that the methods 
cannot be used interchangeably. The question arising from this 
observation is, which is the ‘right’ DMR value corresponding 
to the colony’s true ability to decrease mite reproduction? The 
better phenotype is the one showing a better correlation with the 

infestation rate, since it is assumed that lower mite reproduction 
leads to lower infestation rates (Guichard et al. 2020a). Because it is 
not clear which of the various infestation rate parameters that can 
be measured is the best to use, we tested two parameters representing 
the situation at the time of the DMR measures (adult and brood in-
festation rates) and a cumulative one (mite fall over the season) rep-
resenting the overall colony infestation. These parameters correlated 
significantly but moderately with each other, again indicating that 
they cannot be used interchangeably. Correlations between brood 
infestation levels and DMR in the expected direction (i.e., negative 
for fertility-based and positive for fecundity-based DMR) were only 
significant for DMR acquired from drone brood, whereas infest-
ation rate of adults also significantly correlated with infertility-based 
DMR recorded from one worker brood sample (Worker2). Despite 
the slightly higher coefficients of rank correlation between drone-
acquired DMR and infestation rates, these coefficients were low and 
did not bring convincing evidence that phenotyping DMR on drone 
brood provides a better alternative to measure the ability of the col-
onies to decrease infestation rates. Replacing phenotyping on worker 

Table 4. Correlations of the infertility and fecundity-based DMR obtained from workers and drone samples with Varroa destructor infest-
ation rates, with either all data included or only samples with 35 singly infested cells

    Adult infestation Cumulative Worker1 Worker2 Drone 

    Mite fall Brood infestation Brood infestation Brood infestation

Infertility All data included Worker1 τ −0.14 −0.07 −0.07 −0.11 0.03
N 81 80 82 79 79
P 0.07 0.37 0.35 0.15 0.69

Worker2 τ 0.16 0.09 0.02 0.07 0.08
N 78 78 78 79 77
P 0.04 0.23 0.78 0.40 0.31

Drone τ −0.20 −0.06 −0.14 −0.23 −0.27
N 79 78 79 78 80
P 0.01 0.43 0.08 3.2e-02 5.4e-04

35 singly infested cells/sample Worker1 τ −0.18 −0.03 −0.12 −0.12 0.08
N 58 58 59 49 50
P 0.06 0.72 0.18 0.25 0.44

Worker2 τ 0.18 0.07 0.00 0.06 0.11
N 52 52 49 53 44
P 0.06 0.46 1.00 0.56 0.30

Drone τ −0.18 −0.03 −0.11 −0.19 −0.26
N 69 68 50 44 70
P 0.03 0.69 0.28 0.08 1.7e-03

Fecundity All data included Worker1 τ 0.14 0.05 0.09 0.09 0.01
N 81 80 82 79 79
P 0.07 0.51 0.22 0.25 0.95

Worker2 τ −0.15 −0.10 0.00 −0.08 −0.09
N 78 78 78 79 77
P 0.05 0.20 1.00 0.28 0.23

Drone τ 0.16 0.08 0.10 0.15 0.17
N 79 78 79 78 80
P 0.04 0.33 0.19 0.05 0.02

35 singly infested cells/sample Worker1 τ 0.16 0.03 0.14 0.11 −0.05
N 58 58 59 49 50
P 0.08 0.73 0.12 0.26 0.60

Worker2 τ −0.18 −0.07 0.02 −0.07 −0.17
N 52 52 49 53 44
P 0.05 0.45 0.84 0.47 0.10

Drone τ 0.16 0.06 0.10 0.14 0.21
N 69 68 50 44 70
P 0.05 0.40 0.30 0.19 0.01

Infestations rate estimates of adult workers, brood, and colony (as mite fall) were used. Kendall’s tau b coefficients (τ) are given, as well as P-values (P) and 
sample size (N) associated with each correlation. Correlations which significantly (P < 0.05) differed from zero are indicated in bold.
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brood by phenotyping on drones to decrease generation time and 
foster genetic progress thus does not appear as a promising option 
based on these results, but this should be confirmed in other popula-
tions and on more colonies.

The impact of sampling size on DMR phenotyping in our popula-
tion could be derived from the comparison of correlations obtained 
with the complete data set with those obtained from the data set 
including only the sample with 35 singly infested cells. Using all sam-
ples, only adult infestation, one of the worker brood, and the drone 
brood infestation rates correlated significantly, albeit moderately, 
with infertility-based DMR values acquired in drone brood. Adult 
infestation also slightly correlated with infertility in the Worker2 
sample. Except for the latter, the same correlations remained signifi-
cant when fecundity-based DMR was considered (Table 4). When 
only samples for which 35 singly infested cells were available were 
used, the pattern was similar, except that there was no correlation 
of DMR measures with worker brood infestation rates (Table 4). 
Given the small absolute difference between DMR values calculated 
on all data and on samples with more than 35 singly infested cells, 
reaching this threshold was not a critical point to ensure reliable 
phenotyping in our population. This is not in line with the findings 
from Eynard et al. 2020, which could be due to the different method-
ologies (resampling vs different samples compared here) and popula-
tion sizes investigated.

Correlations were similar when all data were included and when 
only samples with 35 singly infested cells were used. These results 
regarding the impact of the number of singly infested cells are pos-
sibly explained by the fact that, in small datasets, the sample size 
and accuracy of phenotypes (expected to be higher in the case of 35 
singly infested cells [Mondet et al. 2020b]) have conflicting effects on 
estimated correlations. However, the quality of the phenotyping was 
not improved by increasing the number of cells screened. Pooling 
our Worker1 and Worker2 samples to reach 70 cells to phenotype 
DMR even lowered the correlations with V. destructor infestation 
rates. If a further increase in the number of cells screened is required 
to improve phenotyping, this trait would become very challenging to 
measure and would be unlikely to be applicable in the field. Indeed, 
we already maximized the infestation rate of brood in our experi-
mental colonies by performing DMR phenotyping at the end of the 
season, just before the acaricide treatments needed to reduce infest-
ation rates (Supp Fig. 1 [online ony]) and ensure colony survival 
for subsequent selection. Despite this, we could not reach the re-
commended number of 35 singly infested cells (Büchler et al. 2017, 
Mondet et al. 2020b) in 28 and 34% of Worker1 and Worker2 brood 
samples, respectively, and in 13% of the Drone brood samples. An 
alternative could be to infest colonies with mites from highly infested 
donor colonies, but besides requiring the maintenance of highly in-
fested colonies, this method biases infestation levels and does not 
exclude donor colony effects or sampling method effects on the 
later-measured DMR.

In none of the cases did the overall infestation rate of the colony 
(mite fall over the season) correlate strongly with DMR values 
(ǀτ maxǀ = 0.10). This result indicates that a snapshot measure of DMR 
may not capture the colonies’ true ability to reduce mite popula-
tion growth. The lack of a correlation between DMR and infestation 
rates might be due to the influence of multiple environmental factors 
on infestation rates, as shown by the low heritability of this trait 
(Guichard et al. 2020b, Hoppe et al. 2020). Factors such as an influx 
of mites due to drift or reinvasion of foreign mites (Frey et al. 2011) 
may mask the relationship between phenotypes and genetic values 
(Guichard et al. 2020a). Therefore, the effects of selecting DMR on 
colony V. destructor infestation level are likely to be moderate (see Ta
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Eynard et al. 2020) because it does not impact the influx of foreign 
mites (Guichard et al. 2020a).

Our results suggest that the current DMR protocol does not allow 
accurate capturing of the phenotype, at least not in all honey bee 
populations. It may, however, be possible to identify colonies with high 
DMR abilities despite the apparent imprecision of the phenotyping 
method. In the absence of extreme differences in DMR values within 
a population, this imprecision makes programmes based on diverging 
selection unlikely to lead to genetic progress. Given the amount of 
time required for DMR phenotyping (Guichard et al. 2020a), it should 
therefore be verified whether this trait can be routinely implemented 
in a selection programme. A better understanding of the association 
between trait expression variability, measure repeatability, and meas-
urement errors is required to improve phenotyping precision and ef-
fectiveness. Besides sampling size and methodological issues, DMR 
may also not be a strong driver of V. destructor population dynamics 
on its own and could act in concert with other resistance traits to in-
fluence mite population dynamics negatively and promote colony sur-
vival (Guichard et al. 2020a, Mondet et al. 2020a). Overall, a better 
ability to phenotype DMR and other resistance mechanisms and better 
knowledge of the role and interactions of resistance traits leading to 
colony survival against V. destructor infestations are mandatory to im-
prove selection strategies in resistance breeding programmes.

Supplementary Data

Supplementary data are available at Journal of Economic 
Entomology online.
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